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END OF STROKE DETECTION FOR
PLUNGER VELOCITY CORRECTION

TECHNICAL FIELD

This disclosure relates generally to hydraulic actuators
and, more particularly, to detecting an end of stroke of a
hydraulic piston.

BACKGROUND

Gaseous fuel powered engine applications are common in
industry. Some of these applications require a cryogenic
pump to transier liquefied natural gas from a tank to an
engine fuel system. Generally, for a hydraulically driven
cryogenic pump, it 1s desirable to know 1f the pump 1is
achieving full stroke with an intended stroke velocity. It too
much hydraulic supply pressure 1s applied to actuate a
hydraulic piston in a pump, the stroke velocity of the
hydraulic piston will be higher than allowed for by design,
which will degrade pump components or even lead to failure
of the pump. I too little hydraulic supply pressure 1s applied
to the hydraulic piston, the stroke velocity may be below a
desired velocity or the pump may not perform a full hydrau-
lic piston stroke, which may cause the pump to run ineth-
ciently or not at all. A closed loop pressure control system
for maintaining a desired difference 1 hydraulic and dis-
charge pressure within a hydraulic system can be achieved,
but such strategies may not capture other effects that aflect
stroke velocity such as physical wear, hydraulic o1l viscous
temperature eflects, and oflset errors in sensors.

SUMMARY

In one aspect, the disclosure describes a method for
controlling a stroke velocity 1n a pump that includes using a
sensor that 1s 1 electrical communication with a controller
to detect a start of a pump stroke. The sensor 1s also used to
detect an end of the pump stroke. A stroke time 1s calculated,
the stroke time being a time period between the start of the
pump stroke and the end of the pump stroke. The stroke
velocity 1s calculated based on a stroke length and the stroke
time. The calculated stroke velocity 1s compared to a refer-
ence stroke velocity. A hydraulic supply pressure to the
pump 1s adjustably controlled such that the hydraulic supply
pressure 1s increased 11 the calculated stroke velocity 1s less
than the reference stroke velocity, and the hydraulic supply
pressure 1s decreased 1f the calculated stroke velocity 1s
more than the reference stroke velocity.

In another aspect, the disclosure describes a method for
detecting a stroke velocity 1n a pump. A pressure sensor 1s
used to detect a start of pump stroke. The pressure sensor 1s
also used to detect an end of pump stroke. A stroke time 1s
calculated, the stroke time being a time period between the
start of the pump stroke and the end of the pump stroke. A
pump stroke velocity 1s calculated based on a stroke length
and the stroke time.

In yet another aspect, the disclosure describes a method
for controlling a stroke velocity in a pump. A sensor that 1s
in electrical communication with a controller 1s used to
detect a start of a pump stroke and an end of the pump stroke.
A stroke time 1s calculated, the stroke time being a time
period between the start of the pump stroke and the end of
the pump stroke. The stroke velocity 1s calculated based on
a stroke length and the stroke time. An error 1n velocity 1s
calculated, the error in velocity being a difference between
the stroke velocity and a reference stroke velocity. Upon
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2

calculating the error 1n velocity, a hydraulic pressure cor-
rection 1s applied based on the error in velocity. A hydraulic
pressure oflset 1s determined, the hydraulic pressure oflset
being a summation of a reference oflset pressure and the
hydraulic pressure correction based on the error 1n velocity.
A minimum intensification pressure 1s determined, the mini-
mum 1ntensification pressure being a gas accumulator pres-
sure feedback divided by a hydraulic intensification ratio. A
commanded hydraulic pressure i1s calculated, the com-
manded hydraulic pressure being the hydraulic pressure
oflset plus a minimum intensification pressure. An error 1n
hydraulic pressure is calculated, the error in hydraulic pres-
sure being a diflerence between the commanded hydraulic
pressure and a hydraulic pressure feedback. The error in
hydraulic pressure 1s an input for a PID controller. An output
from the PID controller 1s used to determine a hydraulic
pressure correction. A command 1s sent to an engine system
based on the hydraulic pressure correction. The engine
system responds to the command by changing the hydraulic
pressure of a fluid supplied from a hydraulic pump to the
cryogenic pump.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic view of a hydraulic system 1n
accordance with the disclosure.

FIG. 2a shows a plot of pressure over time 1n accordance
with the disclosure.

FIG. 26 shows a plot of tappet displacement over time 1n
accordance with the disclosure.

FIG. 2¢ shows a plot of tappet velocity over time 1n
accordance with the disclosure.

FIG. 3 1s a section view of a hydraulic piston end of a
cryogenic pump 1n accordance with the disclosure.

FIG. 4 15 a section view of an embodiment in accordance
with the disclosure.

FIG. § 1s a section view of another embodiment in
accordance with the disclosure.

FIG. 6 1s a section view of yet another embodiment 1n
accordance with the disclosure.

FIG. 7a 1s a plot of pressure over time in accordance with
the disclosure.

FIG. 7b 1s a plot of tappet displacement over time 1n
accordance with the disclosure.

FIG. 7c 1s a plot of tappet velocity over time 1n accordance
with the disclosure.

FIG. 8 1s a block diagram of a piston control scheme 1n
accordance with the disclosure.

DETAILED DESCRIPTION

FIG. 1 1s a schematic view of a hydraulic system 101
configured to supply compressed natural gas (“CNG”) to an
engine 104. A cryogenic pump 100 1s configured to transier
liguid natural gas (“LNG™) from a LNG tank 110 to a
vaporizer 118. A LNG tank pressure sensor 140 1s connected
to the LNG tank 110. A check valve 130 1s disposed
downstream of the cryogenic pump 100 and upstream from
the vaporizer 118. In operation, the vaporizer 118 1s config-
ured to recerve high pressure LNG from the cryogenic pump
100, convert the LNG 1nto CNG and supply the CNG to an
engine 104 via a high pressure CNG line 156. A gas
accumulator 132 1s disposed downstream of and 1n relative
proximity of the vaporizer 118. A temperature sensor 136 1s
connected to the high pressure CNG line 156 downstream of
and near the vaporizer 118. A gas accumulator pressure
sensor 138 1s connected to the high pressure CNG line 156
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downstream of and near the gas accumulator 132. A gas rail
pressure sensor 142 1s connected to the high pressure CNG
line 156 upstream of and near the engine 104.

A hydraulic o1l line 146 supplies hydraulic o1l from a
hydraulic pump 112 to the cryogenic pump 100. A pressure
in the hydraulic o1l line 146 1s a hydraulic supply pressure.
The hydraulic pump 112 may include a pump actuator 160
and a rotatably mounted swash plate 150. The pump actuator
160 1s configured to change the angle of the swash plate 150
within the hydraulic pump 112 in order to increase or
decrease the pressure of the hydraulic oil line 146. A
hydraulic accumulator 108 1s disposed on the hydraulic o1l
line 146 downstream of the hydraulic pump 112 and
upstream of the cryogenic pump 100. A hydraulic accumu-
lator pressure sensor 134 1s connected to the hydraulic o1l
line 146 downstream of and near the hydraulic accumulator
108. In operation, the cryogenic pump 100 uses the hydrau-
lic 01l to actuate at least one piston disposed 1n a hydraulic
piston end 308 of the cryogenic pump 100. A low pressure
hydraulic o1l line 144 returns the o1l from the cryogenic
pump to a hydraulic reservoir 102, passing through oil
cooler 116. The hydraulic reservoir 102 1s configured to
store hydraulic o1l, collect o1l from the low pressure hydrau-
lic o1l line 144, and supply hydraulic o1l to the hydraulic
pump 112.

A tfuel reservoir 106 supplies fuel to the engine 104 via a
tuel tank pump 124, an inlet metering valve 158, and a high
pressure common rail (“HPCR”) pump 122. A filter 126 1s
disposed downstream of the fuel reservoir 106 and upstream
of the fuel tank pump 124. In operation, the inlet metering
valve 158 regulates an amount of fuel sent to the HPCR
pump 122, the HPCR pump 122 pressurizes the fuel that
flows from the 1nlet metering valve 158, and a high pressure
tuel leaves the HPCR pump 122 and flows to the engine 104.

The engine 104 forms a cooling circuit with the o1l cooler
116 and the vaporizer 118. In operation, warm engine
coolant 1s provided from the engine 104 and flows to the o1l
cooler 116. The low pressure hydraulic o1l line 144 passing
through the o1l cooler 116 absorbs heat from the warm
engine coolant. The engine coolant 1s provided from the o1l
cooler 116 and flows to the vaporizer 118. The vaporizer 118
uses the heat from the engine coolant to vaporize the LNG
passing through the vapornizer 118. Cool engine coolant 1s
provided from the vaporizer 118 back to the engine 104.

A first pressure relief valve 154 1s disposed between the
hydraulic reservoir 102 and the hydraulic pump 112. The
first pressure relief valve 154 1s connected to a line extend-
ing from the hydraulic reservoir 102 on one side and a relief
line extending from the hydraulic pump 112 on another side.
The first pressure relief valve 154 1s configured to actuate
when the pressure 1n the hydraulic o1l line 146 exceeds a
threshold value. A second pressure relief valve 128 1s
connected to the LNG tank 110 on one side and connected
to a vent line 152 on another side. The second pressure relief
valve 128 1s configured to actuate when the pressure 1n the
LNG tank 110 exceeds a threshold value. A third pressure
relietf valve 120 1s connected to the high pressure CNG line
156 on one side and the vent line 152 on another side. The
third pressure relief valve 120 1s disposed downstream of
and 1n relative proximity to the gas accumulator 132 and
upstream of the engine 104. The third pressure relief valve
120 1s configured to actuate when the pressure 1n the high
pressure CNG line 156 exceeds a threshold value.

The gas accumulator pressure sensor 138, the hydraulic
accumulator pressure sensor 134, and the temperature sensor
136 are all electrically connected to a controller 114. In an
embodiment, the controller 114 1s configured to electrically
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communicate with at least one of the gas accumulator
pressure sensor 138, the hydraulic accumulator pressure
sensor 134, and the temperature sensor 136. The controller
114 1s configured to communicate with the hydraulic pump
112 to increase or decrease the pressure 1n the hydraulic o1l
line 146. For example, the controller 114 may control the
pressure in the hydraulic o1l line 146 by changing the angle
of the swash plate 150 via the pump actuator 160.

A shown 1n FIG. 3, in one embodiment, a top part of the
cryogenic pump 100 1s a hydraulic piston end 308. The
cryogenic pump 100 may be standalone, as shown, or placed
within a tank. The cryogenic pump 100 forms a generally
cylindrical shaped body and forms a top flange 310. The top
flange 310 forms a hydraulic passageway 314. The hydraulic
passageway 314 1s configured to receive hydraulic o1l pro-
vided from the hydraulic pump 112 and to provide hydraulic
o1l to at least one pumping element within the cryogenic
pump 100. A pumping element includes a hydraulic piston
and components associated with the actuation of the hydrau-
lic piston. One pumping element 1s fully shown 1n FIG. 4,
but the cryogenic pump 100 can have multiple pumping
clements.

For each pumping element, a spool valve 316 1s config-
ured to divert hydraulic o1l from the hydraulic passageway
314 to a top surface 338 of a tappet 322 via a tappet fill
passageway 326. The tappet 322 1s a hydraulic piston in the
disclosed hydraulic system 101. The tappet 322 1s generally
cylindrical 1n shape and 1s housed 1n a tappet housing 312.
The tappet housing 312 1s configured to mount to an inside
surface 342 of the pump body. A bottom surface of the at
least one tappet 322 1s configured to contact a top surface of
a pushrod 320. The pushrod 320 generally forms a cylin-
drical rod shape at a top part and a bottom part and a radially
outward section 340 at a middle part of the pushrod 320. The
pushrod 320 forms a groove 334 on an underside 428 of the
radially outward section 340 to hold a top end of a tappet
spring 330.

The tappet spring 330 1s disposed between the pushrod
320 and a guide nut 332. A top end of the tappet spring 330
1s disposed to contact the groove 334 of the pushrod 320 and
a bottom end of the tappet spring 330 1s configured to
contact the guide nut 332. The guide nut 332 1s mounted to
a bottom plate 336 of the hydraulic piston end 308. The
guide nut 332 forms a through hole along i1ts axis of
symmetry. The bottom part of the pushrod 320 1s disposed
to pass through the through hole of the guide nut 332.

In operation, hydraulic o1l flowing from the tappet {ill
passageway 326 to the top surface 338 of the tappet 322
exerts hydraulic pressure on the tappet 322, moving the
tappet 322 away from the tappet {ill passageway 326. The
movement of the tappet 322 away from the tappet fill
passageway 326 causes a corresponding movement of the
pushrod 320, which causes a corresponding movement of a
plunger (not shown) that 1s connected on the other end of the
pushrod 320. This movement represents an extension stroke
of the tappet 322, or tappet extension stroke, as well as an
extension stroke of the plunger, or plunger extension stroke.
This movement also represents a pumping stroke of the
cryogenic pump 100. A start of the movement of the tappet
322 away from the tappet {ill passageway 326 corresponds
to a start of stroke. An end of the movement in the direction
away Irom the tappet fill passageway 326 corresponds to an
end of stroke, which represents a fully extended position of
the tappet 322. The tappet spring 330 provides force in the
opposite direction to push the pushrod 320 and the tappet
322 towards the tappet fill passageway 326. The movement
in the opposite direction, where the tappet 322 moves closer
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to the tappet fill passageway 326, represents a retraction
stroke of the tappet 322 and a retraction stroke of the
plunger. An end of the movement in the direction towards
the tappet fill passageway 326 corresponds to a fully
retracted position of the tappet 322. In operation, the cryo-
genic pump 100 draws in LNG from the LNG tank 110

during the retraction stroke of the plunger. The cryogenic
pump 100 expels LNG to the vaporizer 118 during the
extension stroke of the plunger.

A tappet fill passageway 402 1s configured to provide
hydraulic o1l to a top surface 438 of a tappet 406, as shown
in FIG. 4. A tappet 406 1s housed within a tappet guide 416,
the tappet guide 416 being generally cylindrical 1n shape.
The tappet guide 416 forms a bore 436 and an 1nside surface
422. The bore 436 of the tappet guide 416 1s generally the
same cross section throughout an axis of symmetry of the
tappet guide 416. The outer surtface 434 of the tappet 406 1s
configured to form a slidable engagement with the inside
surface 422 of the tappet guide 416. The slidable sealable
engagement 1s configured to create a sealed volume, or a
tappet chamber 420, between the top surface 438 of the
tappet 406 and the tappet fill passageway 402 to contain
hydraulic o1l pressure. A length of the tappet guide 416 1s
greater than a length of the tappet 406 as measured along
their respective axes of symmetry. The tappet 406 1s con-
figured to remain within the tappet guide 416 when the
tappet 406 moves with respect to the tappet guide 416. In
operation, during the extension stroke of the tappet 406, the
tappet chamber 420 1s formed above the tappet 406 within
the tappet guide 416. At an end of the extension stroke, the
tappet 406 1s located at the fully extended position, and the
tappet chamber 420 1s at 1ts largest volume. At least one
pressure sensor 1s disposed within the cryogenic pump 100.
In one embodiment, a tappet pressure sensor 404 1s 1 fluid
communication with the tappet {ill passageway 402 near the
tappet chamber 420. For a cryogenic pump 100 with mul-
tiple pumping elements, the tappet pressure sensor 404 may
be associated with at least one pumping element. The tappet
pressure sensor 404 1s configured to electrically communi-
cate with the controller 114 and provide information 1ndica-
tive of fluid pressure within the tappet chamber 420.

The extension stroke of the cryogenic pump 100 includes

a start of stroke and an end of stroke. The controller 114 1s
configured to detect the end of the stroke via at least one of
the sensors 1n the hydraulic system 101. In one embodiment,
the at least one sensor, such as the tappet pressure sensor
404, 1s disposed within the cryogenic pump 100. In another
embodiment, the at least one sensor, such as the gas accu-
mulator pressure sensor 138, the hydraulic accumulator
pressure sensor 134, and the temperature sensor 136, 1s
disposed outside of the cryogenic pump 100 but within the
hydraulic system 101.

In one embodiment, where the at least one sensor 1s
disposed within the cryogenic pump 100, an end stop 408 1s
positioned on a top surface 426 of a guide nut 418 as shown
in FIG. 4. The end stop 408 1s generally ring shaped with an
exterior diameter similar to the diameter of the top surface
426 of the guide nut 418. The end stop 408 forms a central
bore, the central bore configured to allow a bottom part 430
of a pushrod 412 to pass through. In operation, when the
pushrod 412 moves away from the tappet fill passageway
402 because of the hydraulic o1l flow 1nto the tappet chamber
420, an underside 428 of a radially outward section 432 of
the pushrod 412 abuts a top surface of the end stop 408 such
that the pushrod 412 is prevented from moving further away
from the tappet fill passageway 402.
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Consequently, the tappet 406 1s also prevented from
moving further away from the tappet fill passageway 402,
which causes a pressure rise 1n the tappet chamber 420. In
operation, the tappet pressure sensor 404 detects a pressure
in the tappet chamber 420 and sends pressure signals to the
controller 114. The end stop 408 1s configured to amplily a
pressure signal caused by the abutment of the pushrod 412
with the end stop 408.

A pressure sensor profile 710, as shown 1n FIG. 7q, 15 a
plot of pressure measurements from the tappet pressure
sensor 404 over time for a cryogenic pump 100 configured
with the end stop 408. When a tappet 406 performs an
extension stroke, there 1s a pressure rise in the tappet
chamber 420. A start of stroke 706 1s represented by a first
peak 728 of a first pressure rise 726 1n the tappet chamber
420. In operation, at an end of stroke 708, the end stop 408
causes the tappet 406 to stop moving, resulting in a second
pressure rise 704 1n the tappet chamber 420. The end of
stroke 708 1s represented by a first peak 730 of the second
pressure rise 704. A difference in time between the start of
stroke 706 and the end of stroke 708 represents a stroke time
702.

In an alternative embodiment, where the at least one
sensor 1s disposed within the cryogenic pump 100, the tappet
guide 416 forms a drain orifice 500 perpendicular to the
inside surface 422 of the tappet guide 416 as shown 1n FIG.
5. The drain orifice 500 begins adjacent the inside surface
422 of the tappet guide 416 and extends therethrough to the
o1l return line 410. The drain orifice 500 1s disposed such
that it becomes exposed to the tappet chamber 420 when the
tappet 406 1s located near 1ts fully extended position. In
operation, the tappet pressure sensor 404 detects the pressure
in the tappet chamber 420 and sends pressure signals to the
controller 114.

A pressure sensor profile 712, as shown 1n FIG. 7q, 15 a
plot of pressure measurements from the tappet pressure
sensor 404 over time for a cryogenic pump 100 configured
to form the drain orifice 500. When a tappet 406 performs an
extension stroke, there 1s a pressure rise 1 the tappet
chamber 420. A time corresponding to a first peak 728 of a
first pressure rise 726 represents a start of stroke 706. In
operation, at the end of stroke, the hydraulic o1l 1n the tappet
chamber 420 flows through the drain orifice 500, resulting 1n
a pressure drop 714 1n the tappet chamber 420. A time
corresponding to a start of the pressure drop 714 represents
the end of stroke 708. A difl

erence 1n time between the start
of stroke 706 and the end of stroke 708 represents the stroke
time 702.

In yet another embodiment, where the at least one sensor
1s disposed within the cryogemc pump 100, the bore 436 of
the tappet guide 416 varies in diameter along the length of
the tappet guide 416, as shown 1n FIG. 6. The bore 436 of
the tappet guide 416 increases 1n diameter with respect to its
axis of symmetry from a top surface 634 of the tappet guide
416 to a bottom surface 638 of the tappet guide 416 such that
the 1nside surface 422 of the tappet guide 416 forms a gap
602, a radial dimension of which increases from the outer
surface 434 of the tappet 406 along the length of the tappet
guide 416. The bore 436 adjacent the top surface 634 of the
tappet guide 416 1s configured to sealably and slidably
engage the outer surface 434 of the tappet 406. When a
tappet 406 performs an extension stroke, there 1s a pressure
rise 1n the tappet chamber 420. The start of stroke 706
corresponds to a start of the pressure rise. At the end of the
extension stroke, the tappet 406 i1s located near its fully
extended position, corresponding to a widest part of the gap
602 between the mside surface 422 of the tappet guide 416
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and the outer surface 434 of the tappet 406. In operation, the
hydraulic o1l leaks from the tappet chamber 420 through the
gap 602 at different rates as the tappet 406 moves along the
length of the tappet guide 416. When the tappet 406 is
located near 1ts fully extended position, the hydraulic o1l
leak through the gap 602 relieves pressure from the tappet
chamber 420. Consequently, the controller 114, 1s config-
ured to detect a beginning of a pressure drop in the tappet
chamber 420 via the tappet pressure sensor 404. The end of
stroke 708 corresponds to the start of the pressure drop. The
stroke time 702 1s represented by the difference mn time
between the start of stroke 706 and the end of stroke 708.

In one embodiment, where the at least one sensor i1s
disposed outside the cryogenic pump 100, the controller 114
1s configured to detect the end of stroke via the gas accu-
mulator pressure sensor 138. When the tappet 406 performs
the extension stroke, there 1s a pressure rise 204 1n the gas
accumulator 132. As shown i FIG. 2a, a pressure profile
228 of the gas accumulator pressure sensor 138 1s a plot of
pressure measurements from the gas accumulator pressure
sensor 138 over time. The pressure profile 228 forms a wave
with a crest 220 and a trough 222. The pressure rise 204
corresponds to a difference 1n pressure between the crest 220
and the trough 222 of the pressure profile 228. A start of
stroke 206 corresponds to the trough 222 of the pressure
profile 228. An end of stroke 208 corresponds to the fol-
lowing crest 220 of the pressure profile 228. A difference 1n
time between the start of stroke 206 and the end of stroke
208 represents a stroke time 202.

In another embodiment, where the at least one sensor 1s
disposed outside the cryogenic pump 100, the controller 114
1s configured to detect the end of stroke via the hydraulic
accumulator pressure sensor 134. As shown in FIG. 2a, a
pressure proiile 230 of the hydraulic accumulator pressure
sensor 134 1s a plot of pressure measurements from the
hydraulic accumulator pressure sensor 134 over time. When
the tappet 406 performs the extension stroke, there i1s a
pressure drop 210 in the hydraulic accumulator 108. The
pressure profile 230 forms a wave with a crest 224 and a
trough 226. A diflerence 1n pressure between the crest 224
and the trough 226 of the pressure profile 230 represents the
pressure drop 210 during the extension stroke. The start of
stroke 206 corresponds to the crest 224 of the pressure
profile 228. The end of stroke 208 corresponds to the
following trough 226 of the pressure profile 228. A difler-
ence 1n time between the start of stroke 206 and the end of
stroke 208 represents the stroke time 202.

In yet another embodiment where the at least one sensor
1s disposed outside the cryogenic pump 100, the controller
114 1s configured to detect the end of tappet stroke via the
temperature sensor 136. When the tappet 406 performs the
extension stroke, there i1s a temperature fall in the gas
accumulator 132. A difference in temperature between a
crest and a trough of a temperature profile (not shown)
generated by the temperature sensor 136 represents the
temperature rise. The start of stroke 206 corresponds to the
crest of the temperature profile. The end of stroke 208
corresponds to the following trough of the temperature
profile. A difference 1n time between the start of stroke 206
and the end of stroke 208 represents the stroke time 202.

A displacement profile 214 corresponding to the pressure
profile 228 of the gas accumulator pressure sensor 138 1s
shown 1n FIG. 25. While the displacement profile 214 data
may not available to the controller 114 1n operation of the
pump 100 for some disclosed embodiments, the displace-
ment profile data here 1s used to verity that the gas accu-
mulator pressure sensor 138 accurately detects the end of
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stroke 208. The start of stroke 206 corresponds to a zero
pump displacement when the pressure 1n the gas accumu-
lator 132 1s at the trough 222 and when the pressure 1n the
hydraulic accumulator 108 1s at the crest 224. The end of
stroke 208 corresponds to a time when the gas accumulator
pressure 1s at the crest 220 as well as when the hydraulic
accumulator pressure 1s at the trough 226.

FIG. 7b shows a displacement profile 716 corresponding,
to the pressure sensor profile 710 of the cryogenic pump 100
configured with the end stop 408 and a displacement profile
718 corresponding to the pressure sensor profile 712 of the
cryogenic pump 100 configured to form the drain orifice
500. The displacement profile 716, 718 data here 1s used to
verily that the 1n pump sensing methods accurately detect
the end of stroke 708. For the displacement profile 716 of the
end stop 408 embodiment, the start of stroke 706, where the
tappet pressure sensor 404 detects the first peak 728 of the
first pressure rise 726, corresponds to a zero tappet displace-
ment. The end of stroke 708, where the tappet pressure
sensor 404 detects the first peak 730 of the second pressure
rise 704, corresponds to a tappet 406 that 1s fully extended.
For the displacement profile 718 of the drain orifice 500
embodiment, the start of stroke 706, where the tappet
pressure sensor 404 detects the first peak 728 of the first
pressure rise 726, corresponds to a zero tappet displacement.
The end of stroke 708, where the tappet pressure sensor 404
detects a start 732 of the pressure drop 714, corresponds to
a tappet 406 that 1s tully extended.

The controller 114 1s configured to calculate a stroke
velocity during the stroke of the tappet 406. For embodi-
ments where the at least one sensor 1s disposed outside of the
cryogenic pump 100, the controller 114 uses at least one of
the gas accumulator pressure sensor 138, the hydraulic
accumulator pressure sensor 134, and the temperature sensor
136 to calculate the stroke time 202. For embodiments
where the at least one sensor 1s disposed mside the cryogenic
pump 100, the controller 114 uses the tappet pressure sensor
404 to calculate the stroke time 202, 702. A stroke length 1s
known for a given pump system. Thus, the controller 114 1s
configured to divide the stroke length by the stroke time 202,
702 to determine the tappet velocity.

FIG. 2¢ shows a velocity profile 216 corresponding to the
displacement profile 214. For a velocity profile shape that
does not form a square wave, as 1n FIG. 2¢, an actual average
velocity 212 1s calculated. For the embodiment shown in
FIG. 2a-c, the known stroke length 1s 36.9 mm and the
calculated stroke time 202 1s 31 ms. Therefore, the calcu-
lated average velocity 1s 1.19 m/s. The actual average
velocity 212 1s 1.17 mv/s. In other embodiments, the known
stroke length and stroke time may be different.

FIG. 7¢ shows a velocity profile 724 for the end stop 408
embodiment and a velocity profile 722 for the drain orifice
500 embodiment. The velocity profiles 724, 722 correspond
to the displacement profile 716 and the displacement profile
718, respectively. For the shape of the velocity profiles 724,
722 1n FI1G. 7¢, an actual peak velocity 720 1s calculated. For
the embodiment shown in FIG. 7a-c¢, the known stroke
length 1s 36.9 mm and the calculated stroke time 702 1s 16
ms. Theretfore, the calculated peak velocity 1s 2.3 m/s. The
actual peak velocity 720 1s 2.36 m/s. In other embodiments,
the known stroke length and stroke time may be different.

I1 the shape of the velocity profile 1s generally flat after a
peak velocity 1s reached, forming a square wave as shown in
FI1G. 7c¢, the controller 114 will calculate and control the
peak tappet velocity. The control on the peak stroke velocity
for the square wave profile 1s eflective because the peak
stroke velocity 1s comparable to the average velocity. It the
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shape of the velocity profile 1s not generally flat after a peak
velocity 1s reached, as i FIG. 2¢, the controller 114 wall

calculate and control the average velocity. The shape of the
velocity profile 1s based on the hardware components of the
pump 100 and the size of system component such as the
hydraulic accumulator. For a given pump configuration,
through pre-testing, the controller 114 will receive informa-
tion to determine the general shape of the velocity profile. It
the controller 114 1s calculating an average velocity, the
controller 114 can apply a correction factor based on test
data to predict the peak velocity.

INDUSTRIAL APPLICABILITY

The hydraulic pressure exerted on the top surface 328 of
the tappet 322 actuates the extension stroke of the cryogenic
pump 100. The hydraulic pressure exerted on the tappet 322
corresponds to the pressure 1in the hydraulic o1l line 146.
Thus, the pressure 1n the hydraulic o1l line 146 1s an effective
controller of a tappet or stroke velocity. The controller 114
1s configured to control the stroke velocity of the cryogenic
pump 100 in the hydraulic system 101. As shown in FIG. 8,
the controller 114 receives multiple inputs and sends an
output as a command 832 to an engine system 836. The
command 832 1s configured to set the pressure in the
hydrauhc o1l line 146. The controller 114 1s configured to
receive a first mput, the first input being a gas accumulator
pressure feedback 828. The controller 114 1s configured to
receive a second input, the second mput being a tappet
maximum displacement, or a stroke length 802. The con-
troller 114 1s configured to receive a third nput, the third
input being a signal from the at least one sensor 834. The
controller 114 1s configured to receive a fourth input, the
fourth put being a reference stroke velocity 830. The
controller 114 1s configured to receive a fifth input, the fifth
input being a hydraulic pressure feedback, 826.

A hydraulic intensification ratio 1s applied to the gas
accumulator pressure feedback 828 to determine a minimum
intensification pressure 812. The hydraulic intensification
rat1o 1s generally constant for a given system and represents
a ratio between a reference gas accumulator pressure and a
reference hydraulic accumulator pressure. For example, the
intensification ratio may be two. The reference gas accumus-
lator pressure and the reference hydraulic accumulator pres-
sure represent pressure values that allow the cryogenic pump
100 to run efliciently. An eflicient pump exerts enough
power to push the LNG through to the vaporizer 118.

The controller 114 receives a signal from the at least one
sensor 834 to detect an end of stroke and calculate a stroke
time 824. The controller 114 calculates a stroke velocity 804
by dividing a stroke length 802 by the stroke time 824. The
reference stroke velocity 830 1s compared to the calculated
stroke velocity 804 to determine an error 1n velocity 806. A
correction 808 1s applied based on the error 1n velocity 806.
The correction 808 may include a proportional type con-
troller or a proportional-integral-derivative (“PID”) type
controller. Alternatively, the correction 808 may include a
lookup table. The correction 808 1s configured to manipulate
a hydraulic pressure proportional to the error in velocity 806
to provide an extra driving force to the cryogenic pump 100
to maintain the stroke velocity 804. A hydraulic pressure
oflset 810 1s a summation of a reference oflset pressure and
the correction 808 proportional to the error in velocity 806.
It can be appreciated that other correction than proportional
may be made. The reference oflset pressure 1s a nominal
pressure needed to drive a piston at an intended velocity at
a start of life of the pump 100. The hydraulic pressure offset
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810 1s added to the minimum intensification pressure 812 to
generate a commanded hydraulic pressure 814. The com-
manded hydraulic pressure 814 1s compared to the hydraulic
pressure feedback 826 to determine an error in hydraulic
pressure 816. A PID controller 818 receives the error in
hydraulic pressure 816 as an input. A rate of the correction
808 based on the error in velocity 806 may be slower than
a loop rate of the PID controller 818. An output from the PID
controller 818 1s used to determine a hydraulic pressure
correction 820. The hydraulic pressure correction 820 1s a
summation of the output from the PID controller 818 and
any feed forward term 822. The feed forward term 822 i1s a
function of system components such as stroke volume and
the number of pumping elements. The controller 114 1s
configured to use the hydraulic pressure correction 820 to
send a command 832 to the engine system 836. The engine
system 836 may be the hydraulic system 101 as shown 1n
FIG. 1. In operation, the command 832 1s configured to
change the hydraulic pressure of the hydraulic o1l line 146.
For example, the command 832 activates the pump actuator
160 1n the hydraulic pump 112. In operation, the pump
actuator 160 changes the angle of the swash plate 150, which
changes the hydraulic pressure of the hydraulic o1l line 146.
The change 1n the pressure of the hydraulic oil line 146
causes a corresponding change 1n the stroke velocity of the
cryogenic pump 100.

The controller 114 can also be programmed to diagnose
failures or abnormal operating conditions of the pump 100.
In one embodiment, the controller 114 may compare at least
one ol a stroke time 824 and stroke velocity 804 with a
corresponding, predetermined range of acceptable values of
stroke times and stroke velocities. Depending on the result
of the comparison, the controller 114 may provide a diag-
nostic indication such as a failure flag to indicate a failure or
abnormal operating condition of the pump 100 when at least
one of the stroke time 824 and stroke velocity 804 {falls
outside of the corresponding acceptable value range.

In another embodiment of the cryogenic pump 100, the
cryogenic pump 100 includes a cryogenic swash plate, the
cryogenic swash plate configured to pump cryogenic tluid.
The cryogenic swash plate includes a first disk, a second
disk, a central shaft, and an at least one tappet. The first disk
and the second disk are both circular in shape and both form
a central bore. The tappet 1s connected to the second disk at
a radial distance from the center of the central bore of the
second disk. When multiple tappets are connected to the
second disk, the tappets are arranged such that they form a
circular array about the center of the central bore of the
second disk. The central shait 1s configured to rotate about
a longitudinal axis. The first disk 1s rotatably mounted to the
central shaft such that rotational axis of the disk forms an
oblique angle with the longitudinal axis of the central shaft.
In operation, a rotation of the central shaft causes a corre-
sponding rotation of the first disk. The rotation of the first
disk 1s such that a point on an edge of the first disk describes
a path that oscillates along the longitudinal axis of the
central shaft. The second disk 1s configured to press against
the first disk, but not rotate with respect to both the first disk
and the central shaft. In operation, the pressure on the second
disk imparted by the first disk causes the tappet on the
second disk to move 1n a linear oscillating motion. The linear
oscillating motion represents a pumping stroke of the cryo-
genic pump 100. A stroke time corresponds to a rotational
velocity of the central shaft. A stroke length corresponds to
the oblique angle. A stroke velocity 1s the stroke length
divided by the stroke time. In operation, the controller 114
may control the stroke velocity by changing at least one of
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the rotational velocity of the central shait and the oblique
angle. The oblique angle may be changed by a hydraulic
actuator that acts on the first disk. A hydraulic pump supplies
hydraulic pressure to the hydraulic actuator.

All references, including publications, patent applica-
tions, and patents, cited herein are hereby incorporated by
reference to the same extent as 1f each reference were
individually and specifically indicated to be incorporated by
reference and were set forth 1n 1ts entirety herein.

The use of the terms “a” and “an” and “the” and “at least
one” and similar referents 1n the context of describing the
invention (especially 1n the context of the following claims)
are to be construed to cover both the singular and the plural,
unless otherwise indicated herein or clearly contradicted by
context. The use of the term *“at least one” followed by a list
ol one or more 1tems (for example, “at least one of A and B”)
1s to be construed to mean one item selected from the listed
items (A or B) or any combination of two or more of the
listed 1tems (A and B), unless otherwise indicated herein or
clearly contradicted by context. The terms “comprising,”
“having,” “including,” and “containing” are to be construed
as open-ended terms (i.e., meaning “including, but not
limited to,”) unless otherwise noted. Recitation of ranges of
values herein are merely intended to serve as a shorthand
method of referring individually to each separate value
talling within the range, unless otherwise indicated herein,
and each separate value 1s incorporated 1nto the specification
as 1f 1t were 1ndividually recited herein. All methods
described herein can be performed in any suitable order
unless otherwise indicated herein or otherwise clearly con-
tradicted by context. The use of any and all examples, or
exemplary language (e.g., “such as™) provided herein, is
intended merely to better 1lluminate the imvention and does
not pose a limitation on the scope of the mvention unless
otherwise claimed. No language 1n the specification should
be construed as indicating any non-claimed eclement as
essential to the practice of the imvention.

Preferred embodiments of this invention are described
herein, including the best mode known to the inventors for
carrying out the invention. Vanations of those preferred
embodiments may become apparent to those of ordinary
skill 1n the art upon reading the foregoing description. The
inventors expect skilled artisans to employ such variations
as appropriate, and the inventors intend for the invention to
be practiced otherwise than as specifically described herein.
Accordingly, this mvention includes all modifications and
equivalents of the subject matter recited in the claims
appended hereto as permitted by applicable law. Moreover,
any combination ol the above-described elements 1n all
possible varnations thereof 1s encompassed by the invention
unless otherwise indicated herein or otherwise clearly con-
tradicted by context.

What 1s claimed 1s:

1. A method for controlling a stroke velocity 1n a pump
comprising:

using a sensor that 1s 1n electrical communication with a

controller to detect a start of a pump stroke;

using the sensor to detect an end of the pump stroke;

calculating a stroke time, the stroke time being a time

period between the start of the pump stroke and the end
of the pump stroke;

calculating the stroke velocity based on a stroke length

and the stroke time;

comparing the calculated stroke velocity with a reference

stroke velocity; and

adjustably controlling a hydraulic supply pressure to the

pump such that the hydraulic supply pressure 1s
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increased 1f the calculated stroke velocity 1s less than
the reference stroke velocity, and the hydraulic supply
pressure 1s decreased if the calculated stroke velocity 1s
more than the reference stroke velocity.

2. The method of claim 1, wherein the sensor 1s a pressure
sensor upstream from the pump.

3. The method of claim 1, wherein the sensor i1s a
temperature sensor.

4. The method of claim 1, wherein the sensor 1s at least
one pressure sensor inside the pump.

5. The method of claim 4, wherein the pump includes a
hydraulic piston and a tappet guide, the hydraulic piston
sealably and slidably housed within a bore formed by the
tappet guide,

wherein the at least one pressure sensor 1s 1n fluid com-

munication with a tappet chamber, the tappet chamber
being a sealed volume within the tappet guide and
adjacent to the hydraulic piston.

6. The method of claim 5, wherein an end stop 1s
positioned inside the pump, the end stop configured to
amplily a pressure signal caused by an abutment of a
pushrod with the end stop,

wherein a top surface of the pushrod 1s in contact with a

bottom surface of the hydraulic piston.

7. The method of claim 5, wherein the tappet guide forms
an orifice perpendicular to an inside surface of the tappet
guide.

8. The method of claim 5, wherein the tappet guide forms
a bore that varies in diameter along a length of the tappet
guide, the bore increasing in diameter, with respect to an axis
of symmetry of the tappet guide, from a top surface of the
tappet guide to a bottom surface of the tappet guide.

9. The method of claim 1, wherein the calculated stroke
velocity 1s an average stroke velocity.

10. The method of claim 1, wherein the hydraulic supply
pressure to the pump 1s controlled by a rotatably mounted
swash plate within a hydraulic pump, wherein the hydraulic
pump 1s 1n fluid communication with the pump.

11. A method for controlling a stroke velocity 1n a pump
comprising;

using a sensor that 1s in electrical communication with a

controller to detect a start of a pump stroke;

using the sensor to detect an end of the pump stroke;

calculating a stroke time, the stroke time being a time

period between the start of the pump stroke and the end
of the pump stroke;

calculating the stroke velocity based on a stroke length

and the stroke time;

calculating an error 1n velocity, the error 1n velocity being

a difference between the calculated stroke velocity and
a reference stroke velocity;

applying a correction based on the error 1n velocity;

determining a hydraulic pressure offset, the hydraulic

pressure oflset being a summation of a reference oflset
pressure and the correction based on the error in
velocity;

determining a minimum intensification pressure, the mini-

mum intensification pressure being a gas accumulator
pressure feedback divided by a hydraulic intensifica-
tion ratio;

calculating a commanded hydraulic pressure, the com-

manded hydraulic pressure being a summation of the

hydraulic pressure offset and the minimum intensifica-
tion pressure;
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calculating an error in hydraulic pressure, the error in
hydraulic pressure being a difference between the com-
manded hydraulic pressure and a hydraulic pressure
feedback:
inputting the error in hydraulic pressure to a PID control- 5
ler;
using an output from the PID controller to determine a
hydraulic pressure correction; and
sending a command based on the hydraulic pressure
correction to an engine system, 10
wherein the engine system responds to the command by
changing the hydraulic pressure of a fluud supplied
from a hydraulic pump to the pump.
12. The method of claim 11, wherein a rate of the
correction based on the error 1n velocity 1s slower than a loop 15
rate of the PID controller.
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